Primary ZIKV infection is often mild in adults, with only a small percentage of those infected presenting as clinically symptomatic 2-4 . Diagnosis is complicated by clinical similarity and geographic overlap with dengue and chikungunya infection [4] [5] [6] [7] . However, ZIKV is associated with serious neurological complications, such as Guillain-Barré syndrome [8] [9] [10] [11] , as well as with pediatric microcephaly, that have been reported to overlap with ZIKV endemicity in South America [12] [13] [14] [15] . The primary mode of ZIKV transmission is via an arthropod vector 16 . Limited reports have indicated that sexual transmission occurs, but the frequency, transmissibility and relative risk of male-to-female versus female-to-male acquisition is poorly described beyond single case reports 17, 18 . Notably, ZIKV has been detected in the blood of human patients for only short periods of time after the onset of symptoms [19] [20] [21] . The detection of viral shedding in bodily fluids such as the saliva 21 , urine 22 and semen 17, 18 , or invasion into the central nervous system (CNS), have been documented 11 , but the viral dynamics and pathogenicity are poorly understood.
compared to those in blood plasma. They also detected ZIKV, albeit infrequently, in the CSF or vaginal secretions.
Here we experimentally infected a total of 28 rhesus and eight cynomolgus macaques using two different ZIKV strains, and we evaluated the dynamics of ZIKV in the blood, tissues, CSF and mucosal secretions of these macaque species. We also assessed the temporal distribution of ZIKV RNA in anatomic tissues and parallel immune responses during early acute infection and up until 4 weeks after virus challenge, and then anamnestic immune responses after secondary ZIKV infection.
RESULTS

ZIKV dynamics in the blood
Our experimental infection studies used sequence-defined ZIKV isolates of Thai and Puerto Rican (PR) origin (GeneBank accession numbers KF993678 and KU501215) that were expanded on Vero cell lines. To establish the ZIKV dynamics in blood and other body fluids, we challenged ten Indian rhesus monkeys (five females and five males) with 1 × 10 6 plaque-forming units (PFU) of a Thai isolate via a subcutaneous (SC) route. The ZIKV dose used for SC infection was estimated on the basis of the viral burden present in arthropod vectors for West Nile virus or ZIKV, as described [26] [27] [28] . Blood, saliva and urine samples were collected for days 1-5, 7, 10 and then weekly until day 28 after infection. CSF, semen and vaginal fluids were collected weekly for 4 weeks. In the blood, highlevel viremia was detected in nine of ten animals by day 1 after infection, and peak viremia was achieved in most animals by 2 d after infection (Fig. 1a) . Peak ZIKV RNA levels ranged from 8.8 × 10 5 to 4.9 × 10 7 RNA copies/ml, with the exception of one female monkey that exhibited delayed viremia, which reached peak levels at 3-4 d after infection (5.0 × 10 4 RNA copies/ml). Blood plasma viral RNA levels fell rapidly after day 2 and reached undetectable levels in nine animals by day 5. In the animal (5690) with the highest peak viremia (4.9 × 10 7 RNA copies/ml), ZIKV RNA remained detectable at day 7 but was undetectable by day 10. Although the viral load in males showed a trend toward higher peak viremia, there was no significant difference between ZIKV RNA levels in the blood plasma of males and females at peak, or the total ZIKV RNA burden, calculated as the area under the curve (AUC) (P = 0.056) (Fig. 1b) . We also assessed the dynamics of a PR ZIKV isolate in the blood and secretions in an additional five Indian-origin rhesus macaques (two females and three males) that were challenged with 1 × 10 5 TCID 50 . Blood plasma ZIKV RNA reached peak levels by 4 d after infection (range 1.2 × 10 6 to 1.2 × 10 7 RNA copies/ml) and resolved by day 8 after infection in all monkeys. Overall, the viral kinetics of the PR isolate are similar to those of the Thai variant, although slight delays can be observed in time to peak viremia, consistent with the lower infecting dose used (Supplementary Fig. 1a) .
Clinical metrics and immune responses to ZIKV infection
Blood chemistries were monitored throughout primary ZIKV infection. Similarly to observations made by other investigators 25 , aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase and creatinine phosphatase increased and peaked by day 3 ( Supplementary  Fig. 2 ). Modulation in peripheral body temperature during infection was recorded by subcutaneously implanted transponders (every 30 min) for the first 14 d after ZIKV infection ( Supplementary  Fig. 3 ). In all animals, body temperature was significantly elevated by day 1 after infection and remained significantly elevated until day 8, although no animal's temperature recording exceeded 39.5 °C, owing to the peripheral location of the implant (day 1, P = 0.004; day 2, P = 0.005; days 3-7, P < 0.001; day 8, P = 0.01).
Complete blood counts were monitored, and within 24 h of infection, increases in white blood cell count, largely attributed to neutrophil mobilization, were noted ( Supplementary Fig. 4 ). These counts returned to baseline in most animals by day 2 after infection. We also observed significant increases in the percentage of activated monocytes (P = 0.002 on day 2) as compared to that at baseline (measured as percentage of CD16 + cells); these peaked by day 2 after infection, with activation levels in males significantly higher than those in females (P = 0.008) (Supplementary Fig. 5a,b) . Total monocyte numbers peaked between days 1 and 4 of infection.
We also evaluated changes in the abundance of lymphocytes as a result of ZIKV infection and observed transient declines in this population (in the peripheral blood) during the first day after infection, which is consistent with lymphocyte infiltration into infected tissues ( Supplementary Fig. 4 ). Most major lymphocyte subsets (B, T and natural killer (NK) cells) exhibited declines during this period (naive and central memory CD4 + T cells, all CD8 + T cell subsets, naive B cells and all NK cell subsets; Supplementary Fig. 5c-f) .
Increased levels of CD69 + T cell activation, as compared to those at baseline, were observed and occurred predominantly in the CD28 − CD95 + subset, which includes effector and effector memory T cells, and absolute numbers peaked between days 2 and 5 after infection ( Supplementary Fig. 5c,d) . B cell activation, as measured by the expression of CD38, was observed in both naive (CD27 − ) and memory (CD27 + ) B cell subsets, and this peaked on approximately day 3. NK cell activation, as measured by the percentage of CD69 + expression, was detected predominantly in CD16 + and CD16 − CD56 − Log plasma ZIKV RNA copies/ml Log peak ZIKV RNA copies/ml Log AUC (a) Viral replication kinetics after subcutaneous infection of ten Indianorigin rhesus macaques with 1 × 10 6 PFU of a Thai isolate. ZIKV replication was monitored between days 1 and 28 after infection. Log 10 virus RNA copies per ml in blood plasma samples from individual animals are shown in gray. Median log 10 ZIKV RNA copies for male (n = 5) and female (n = 5) are shown in red and blue, respectively. The limit of detection (<200 RNA copies/ml) for blood plasma is indicated (black hatched line). (b) The blood plasma ZIKV RNA levels at peak viremia or combined burden as AUC were compared between male and female monkeys. The results are expressed as the median with interquartile range. Each dot represents one animal. Comparison between groups was determined using a Mann-Whitney test. Error bars indicate interquartile range with median.
NK cell subsets, and peaked on day 2. The absolute numbers of CD16 + NK cells peaked on day 4, whereas the numbers of CD16 − CD56 − cells peaked on day 10, after infection ( Supplementary Fig. 5e,f) .
We next evaluated the development of virus-specific T cells from peripheral blood mononuclear cells (PBMCs) and lymph nodes on days 7, 14, 21 and 28 after infection by intracellular cytokine staining, after stimulation with overlapping peptide pools covering the ZIKV capsid and envelope proteins. By day 7 after ZIKV infection, peptide-stimulated PBMCs from eight of ten monkeys elicited both capsid-and envelope-specific CD4 + T cell responses ( Supplementary  Fig. 6a) . ZIKV capsid and envelope responses were of similar magnitude, with peak responses delayed until day 28.
CD8 + T cells responses specific to capsid or envelope peptides were variable between animals, with most responses being low in magnitude (<0.3% of CD8 + T cells producing cytokine). However, a few monkeys developed high-magnitude responses (>1%). Monkeys 5169 and 5818 developed high-magnitude responses to capsid, and animals 5829 and 5939 developed high-magnitude, envelope-specific responses. By contrast, both CD4 + and CD8 + T cell responses to ZIKV peptides in the lymph node were weak (Supplementary Fig. 6b ). Prior to day 28, only four animals (of ten) had developed detectable capsid-or envelope-specific CD8 + T cell responses. Antibody responses were generated rapidly, with detectable changes in IgG and IgM as early as days 3-7 after infection (Supplementary Table 1) .
We also used a multiplex bead immunoassay to assess the blood plasma cytokine levels of rhesus macaques on days 1, 3 and 7 after ZIKV infection. Blood plasma samples were analyzed for multiple cytokines using multiplex bead immunoassays (Online Methods). Heat-map clusters (from levels of each cytokine on days 1, 3 and 7 after infection) were calculated as the relative ratio to baseline (day 0) and are shown from high to low values (Supplementary Fig. 7a ). We observed significantly increased concentrations of C-C motif chemokine ligand 2 (CCL2, also known as MCP-1) (day 1, P < 0.001; day 3, P = 0.017), interleukin (IL)-15 (day 1, P = 0.011; day 3, P = 0.005), vascular endothelial growth factor (VEGF; P = 0.007), IL-10 (P = 0.05) and IL-1α (P < 0.0001) during days 1-3 after infection as compared to the levels at baseline, whereas soluble CD40 ligand (sCD40L; P = 0.04) and IL-8 (day 1, P = 0.04; day 3, P = 0.03) levels were significantly decreased (Supplementary Fig. 7b ). Our data demonstrate substantial early CD16 + monocyte and NK cell activation that is in agreement with the notable rise in MCP-1 and IL-15 levels. Other cytokine modulations, such as changes in IL-10 levels, have also been reported during dengue infection [29] [30] [31] .
Modeling of ZIKV infection
To further understand the dynamics of ZIKV infection as reflected in the blood, we fit our data to a mathematical acute-viral-infection model. This model incorporates an intracellular eclipse phase (after infection) during which an infected cell does not produce virus. After the eclipse period, infected cells produce new virus. Notably, despite a homogeneous challenge inoculum, the estimated values of the initial blood plasma ZIKV RNA levels, V(0), in the best-fit parameter sets varied greatly across animals. However, we found that the quality of the fits and the best-fit values of other model parameters were insensitive to the value of V(0) (Supplementary Fig. 8a ). According to the parameter estimates, our model predicts an average eclipse phase for ZIKV of 4 h or less, and that productively ZIKV-infected cells have an average half-life of approximately 3.0 h in vivo; the macaque (5690) with the longest-persisting viremia was an outlier (Supplementary Fig. 8c ).
We assessed all activated cell populations, but noted an association only between reductions in primary ZIKV RNA levels in the blood and levels of NK cell subset activation. Our modeling also confirmed a significant association between activated (CD69 + ) CD16 − CD56 + NK cells and the overall rate of post-peak decline of ZIKV RNA levels in blood plasma (P = 0.025) (Supplementary Figs. 5e and 8b ). 
ZIKV invasion of the CNS and infectious shedding into mucosal fluids
We next assessed the magnitude and temporality of ZIKV shedding into mucosal fluids (urine, saliva, semen and vaginal secretions) and CSF. Urine and saliva samples were collected at the same frequency as blood samples (at days 1-5, 7, 10, 14, 21 and 28). Clean urine samples were obtained by cystocentesis, and saliva was acquired by cotton roll salivette 32 . In the urine of monkeys infected with ZIKV, viral RNA was detectable as early as day 2 after infection in 44% of animals, and ranged from 5.3 × 10 3 copies/ml to 2.5 × 10 5 RNA copies/ml. ZIKV shedding in urine was detected in 71% of animals but became rapidly undetectable as primary viremia in the blood resolved ( Fig. 2) . However, sporadic shedding in urine was detected in one animal as late as 10 d after infection. In saliva, ZIKV RNA was detectable in 10-20% of animals by day 3 after infection, ranging from 3.5 × 10 2 to 1.1 × 10 5 RNA copies/ml. In comparison to the blood, the duration of ZIKV RNA in saliva was extended, and viral shedding was variable, but nevertheless detectable, in 33-50% of animals until the end of the study at 28 d after infection (Fig. 2b,c) . During primary infection, the average total viral burden (AUC) in urine and saliva were similar but approximately 2 logs lower than RNA levels measured in the blood plasma (Fig. 2d) . ZIKV RNA levels in the blood were significantly correlated with ZIKV shed into the urine (P = 0.003), consistent with the finding that ZIKV RNA was generally detected in the urine when ZIKV blood levels exceeded 1 × 10 4 RNA copies/ml. ZIKV RNA levels in urine were correlated with ZIKV blood plasma levels most significantly on days 2 (P = 0.01) and 3 (P = 0.04) after infection. Conversely, no direct relationship was observed between ZIKV RNA levels in saliva and levels detected in the blood (P = 0.28; Fig. 2e ). ZIKV shedding in the saliva was detectable for approximately 3 weeks after the resolution of primary blood plasma viremia. We also examined this relationship between ZIKV RNA levels in the blood with those in the urine and saliva for each individual animal. In urine, significant correlations (positive) were found in five animals (P = 0.002), whereas the other five animals did not show any direct relationship. Again, for individual animals, we found no correlation between ZIKV RNA levels in blood plasma and saliva shedding in nine of ten animals with the infection.
Lumbar punctures were performed weekly to quantify possible ZIKV RNA invasion into the CNS. ZIKV burden in the CSF ranged between 1.1 × 10 3 and 1.1 × 10 5 RNA copies/ml, and was detectable in 50% of animals between days 7 and 21 after infection. ZIKV RNA in CSF was detected only in animals with peak viremia greater than median peak blood plasma viral RNA levels (Fig. 2f) .
We observed similar patterns of ZIKV shedding into mucosal fluids (urine and saliva) or CSF in monkeys that were infected using a PR isolate. We detected brief ZIKV shedding in urine and prolonged shedding in saliva samples even after blood plasma ZIKV RNA became undetectable. ZIKV RNA in the CSF was detected in 100% of animals infected with the PR isolate on day 14 after infection, and in 40-60% of infected animals on days 7 through 21 after infection ( Supplementary Fig. 1b-d) .
We next evaluated ZIKV RNA levels present in male and female genital secretions, again from weekly samples. Plasma samples from the semen were evaluated and found to harbor ZIKV RNA at high levels. Seminal plasma ZIKV values ranged between 3.4 × 10 4 and 1.1 × 10 6 RNA copies/ml on days 7-21 after infection. Notably, ZIKV RNA levels were detected in semen samples until day 28 after infection (3.5 × 10 4 to 5.1 × 10 4 RNA copies/ml), 3 weeks after the resolution of ZIKV viremia in the blood (Fig. 2g) . Conversely, in females, only sporadic, low-level ZIKV RNA shedding was detected in vaginal swab samples at a single time point (in two of five female animals) at any point during post-infection monitoring (Fig. 2h) . We also examined inter-animal variability by comparing the frequency of ZIKV RNA detected in various mucosal fluids and CSF from individual monkeys. ZIKV RNA was detected in all samples, including semen, urine, saliva and CSF, from three males, with the highest peak viremia. Conversely, no ZIKV RNA was detected in urine, cervicovaginal lavage (CVL) or CSF from the one female that exhibited delayed viremia and lower peak ZIKV RNA levels in blood plasma. Among six animals (two males and four females) with a median range of peak viremia in blood plasma, ZIKV RNA was detected in CSF from two animals, in semen from one male, in CVL from two females and in urine from five animals. Notably, ZIKV RNA was detected in saliva from all ten animals, regardless of their ZIKV RNA levels in blood plasma.
We then evaluated the infectivity in vitro of ZIKV that was shed into saliva, semen and CSF samples collected from rhesus monkeys with ZIKV infection on days 7 and 14 after infection. Dilutions of these mucosal fluids and CSF were used to inoculate Vero cell monolayers (described in Online Methods) and compared against infected blood plasma samples from day 3 after infection. Increases in ZIKV RNA levels in culture supernatants were observed in all fluids (saliva, semen, CSF and blood plasma) over 72 h of monitoring, which confirmed the infectivity and replicative ability of ZIKV in these fluids (Supplementary Fig. 9 ).
ZIKV dynamics and tropism in tissues At 28 d after infection, we humanely euthanized four (two males and two females) of the ten animals infected with Thai ZIKV isolates to evaluate any potential ZIKV RNA in anatomic tissues by RNAscope in situ hybridization (Online Methods). We identified regions in the male genital tract that harbored persistent foci of ZIKVinfected cells localized in the testes, prostate and seminal vesicles (data not shown).
To determine the routes of viral spread and tissue sequestration of ZIKV during early infection required for productive infection, we used a PR ZIKV isolate that has been titrated in vivo by subcutaneously dosing 13 Indian-origin rhesus monkeys (two or three per group) with five (1-log) dilutions of the original challenge stock (Fig. 3a) . Although infection was delayed by challenge with the lower infectious doses, ZIKV acquisition was still observed in all animals, even after administering doses as low as 1 × 10 2 TCID 50 . Moreover, despite these differences in inoculum size, all monkeys generated comparable peak ZIKV RNA levels once blood plasma viremia was detected. We also sought to determine the ability of cynomolgus monkeys to support ZIKV infection. Eight animals were infected subcutaneously using the previously mentioned PR isolate at a dose (1 × 10 5 TCID 50 ) within the range described for other flaviviruses when transmitted by a mosquito bite [26] [27] [28] . Animals were then humanely euthanized, two (n = 2) per time point on days 1, 3, 5 and 7 after infection. Blood plasma viremia was detected readily in animals on days 3 and 5 after infection (Fig. 3b) . Multiple anatomic tissues from each animal were prepared and analyzed by RNAscope, including lymph nodes (LNs) (inguinal, axillary, mesenteric), male genital tract (seminal vesicles, testes, prostate), female genital tract (uterus, ovaries), gastrointestinal tract (jejunum, colon), liver, kidney, bladder, lung, bone marrow and CNS (parietal lobe, basal nuclei, hippocampus, cerebellum).
Consistent with the subcutaneous route of infection and presumptive lymphatic draining pattern of ZIKV, we first observed ZIKV RNA positive cells in the inguinal LNs at 1 d after infection (data not shown). By 3 d after infection, there was an expansion of ZIKV RNA in the cells of the inguinal LNs and evidence of systemic spread to the distal axillary LNs (Fig. 4a) . Viral replication in the LNs peaked by 5 d after infection within the inguinal LNs, and evidence of viral clearance was present by 7 d after infection (Fig. 4a) . Confocal microscopy analysis of lymph nodes demonstrated that productively infected ZIKV RNA positive cells were primarily of the CD163 + CD68 + myeloid lineage and the MPO + neutrophil lineage (Fig. 4) , and with rare, but infected, CD163 − CD68 − DC-SIGN + dendritic cells (DCs). By contrast, we did not detect ZIKV RNA in either CD20 + B cells or CD3 + T cells (Supplementary Fig. 10 ).
Although ZIKV infection was detected in other anatomic sites besides lymphoid tissue, the level of viral replication was limited in nature (data not shown). Notably, this was not the case in the CNS; the cerebellum contained the highest levels of ZIKV RNA among all non-lymphoid tissues evaluated, localized specifically within cerebellar granule cells (Fig. 4c,e) . Although ZIKV RNA was cleared from the blood plasma by day 7 after infection, ZIKV RNA positive cells persisted in multiple anatomic tissues, including the LNs and the male and female genital tract (Fig. 4b) , to the end of the monitoring period of our study (day 28; data not shown). Thus, we have identified tissue CD163 + CD68 + myeloid cells, neutrophils and cerebellar neurons as important ZIKV target cell populations in vivo.
Protection from heterologous ZIKV infection
Six monkeys (three females and three males), infected initially with a Thai isolate, were then re-challenged with a heterologous PR isolate (1 × 10 5 TCID 50 ) on day 45 after the primary infection. We monitored blood plasma viremia on days 1-21 after infection. Notably, blood plasma viral RNA levels remained negative (<200 copies/ml) in five of six animals. One exception was a single animal that showed low levels of RNA (275 ZIKV RNA copies/ml) at a single time point (day 1) after infection (Fig. 5a) .
After heterologous ZIKV challenge, hemoglobin and hematocrit decreased in a similar manner to that observed in primary infection. However, white blood cell counts did not increase to the levels observed during primary infection, nor did neutrophil number increase. Total lymphocytes changed, but to a lesser extent than that seen during primary infection (Supplementary Fig. 4 ). Central memory T cells showed a sharp peak in activation on day 2 after re-challenge (Fig. 5b,c) . Effector memory cells also showed increased activation, which was slightly more prolonged than that seen for central memory cells. The numbers of naive and central memory T cells in the blood did not change after re-challenge, but there was an expansion of the effector memory populations that peaked between days 3 and 4 after challenge. Both CD16 − CD56 + and CD16 − CD56 − NK cells displayed small increases in the percentage of activation level, peaking around day 2, whereas the percentage of activated CD16 + NK cells continually decreased (in the blood) for the first 5 d after re-challenge (Fig. 5d) . B cells did not display increased activation, and there were no substantial changes in B cell numbers (Fig. 5e) . Monocyte activation was not detected (Fig. 5f) . The development of virus-specific T cells from PBMCs on days 1, 2, 3, 5 and 7 following re-challenge was analyzed. All six monkeys developed weak anamnestic CD4 + T cell responses and similarly weak CD8 + T cell recall responses after re-challenge (Fig. 5g) . We did note significant increases in neutralizing-antibody titers measured on day 28 post infection from primary infection (P = 0.006) that persisted until the time of secondary challenge, as assessed by a PRNT 90 assay (Online Methods). Titers were also increased in four animals on day 7 after secondary challenge (Supplementary Table 2 ).
DISCUSSION
By using our tractable model, we demonstrate-at least in the nonhuman primates studied here-rapid ZIKV replication and viral 0 1 2 3 5 7 0 1 2 3 5 7 0 1 2 3 5 7 0 1 2 3 5 7 0 1 2 3 5 7 0 1 2 3 5 7 0 1 2 3 5 7 0 1 2 3 5 The threshold for determining positive values, after background subtraction of unstimulated corresponding samples, was applied as previously described 43 . Values below this threshold were set to a value of 0. Values greater than 1.5-fold above that of the day of re-challenge were considered to be anamnestic. Each monkey is indicated by a different color symbol. Triangles indicate males, and circles indicate females.
turnover rates that engender a limited productive half-life for infected cells. The major host cells sustaining ZIKV replication in vivo are of myeloid lineages found in the blood and tissues. It is formally possible that some portion of the ZIKV RNA positive neutrophils represent the phagocytosis of infected material or cells, although evidence from other flaviviruses seems to contradict this notion 33 . The demonstration of rapid and high-level ZIKV infection of cerebellar neurons is concerning, and might help to explain the neurologic outcomes associated with ZIKV infection observed in adults and early gestational neonates [34] [35] [36] . These findings might also warrant enhanced clinical vigilance in Zika-endemic areas for adults who present with neurologic symptoms 37, 38 . Notably, ZIKV RNA invasion of the CNS was detected in animals with the highest peak blood plasma viremia, which perhaps implies that at least the initial means of ZIKV seeding of the CNS might be passive spillover of virus from the periphery. Similar to the findings of Dudley et al. 25 , we demonstrate that rapid innate and adaptive immune responses limit viral replication in the blood and that these responses offer protection from future reinfection. Neither study has accounted for limiting numbers of target cells as a means of RNA reduction during acute infection. However, both studies clearly show that despite ZIKV-specific immunity, viral shedding continues unabated in anatomic tissues and fluids. Our data suggest that anatomic sites such as the male genital tract (MGT) and oral mucosa might harbor persistent reservoirs of ZIKV that, under certain conditions, could facilitate viral transmission over extended periods to uninfected hosts 39 . Particularly, the sustained high-level production of infectious virus in the MGT, highlights the possibility of sexual transmission long after the resolution of symptomatic infection 40, 41 . Notably, we observed very high levels of ZIKV RNA in the uterus of infected animals but unexpectedly low levels in vaginal fluids. If these observations translate to ZIKV infection of humans, then it might indicate a reduced potential for female-to-male sexual transmission, despite posing substantial risk to pregnancy 42 . However, in both male and female macaques, extended ZIKV shedding in the saliva implies that the oral mucosa can sustain viral replication over extended periods. The observation of persistent infectious shedding in oral fluids underscores a possible concern for transmission in household settings. Collectively, these findings further highlight the need for the rapid development of vaccines and therapeutics against ZIKV.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
Study design and ZIKV challenge. 28 outbred, adult (male and female) Indian-origin rhesus monkeys (Macaca mulatta) and eight (male and female) cynomolgus monkeys (Macaca fascicularis) were used in these studies. All animals were housed at Bioqual. Animals used in these studies were infected via a subcutaneous route using Thai (KF993678) or Puerto Rican (KU501215) ZIKV challenge strains. The described studies were approved by the Bioqual Institutional Animal Care and Use Committee (IACUC).
Sample collection and processing. Viral levels were monitored in the blood, urine, saliva, CSF, semen and vaginal secretions for 4 weeks after infection. Blood, saliva and urine were collected daily for the first week and then weekly. Semen, CSF and vaginal secretions were collected weekly. Blood was collected into EDTA anticoagulant. Clean urine was obtained by direct bladder cystocentesis. Saliva was collected by cotton roll Salivette (Sarstedt, Nümbrecht, Germany). CSF was obtained by lumbar puncture. Semen was collected by electro-ejaculation via rectal probe electrostimulation, as described 44 . Briefly, stimulation is provided by rhythmic pulsation from the stimulator. Seminal emission is collected into a sterile container. Seminal plasma was centrifuged immediately after collection at 4 °C and then frozen and stored at −80 °C. Vaginal secretions were collected by Wek-Cel sponges according to the manufacturer's instructions. Samples were immediately frozen at −80 °C.
ZIKV detection in blood, CSF and mucosal fluids. Viral RNA levels in peripheral blood, urine, saliva, semen, CSF and cervicovaginal lavage (CVL) during primary infection (28 d after infection) were monitored by quantitative realtime PCR using primers and probe sets specific for ZIKV capsid. Viral RNA was isolated from cell-free blood plasma using QIAamp Viral RNA mini kit (Qiagen), as previously described 32 . Viral RNA extraction from other samples were performed using the NucliSENS miniMAG System (BioMérieux) by following the manufacturer's suggested instructions. Briefly, 500 µl of each sample was directly added to 2 ml of lysis buffer; a cervical vaginal swab was mixed in lysis buffer and eluted. Extracted RNA was used for amplification on a 7300 ABI Real-Time PCR system (Applied Biosystems).
ZIKV infectivity in saliva, semen and CSF. The African green monkey kidney (Vero) cell line (ATCC-CCL81) was grown at 37 °C, under an atmosphere containing 5% CO 2 , in Eagle's Minimum Essential Medium supplemented with 5% FBS (FBS), penicillin and streptomycin. The Vero cells were then seeded at a density of 40,000 cells/cm 2 in 12-well plates 24 h before virus inoculation. Semen, saliva and CSF samples isolated from infected monkeys on day 7 and 14 after infection were thawed and then centrifuged at 3,000 rpm for 5 min to separate any remaining cells. Clarified samples were then diluted to 1:2 and 1:4 in serum-free Eagle's Minimum Essential medium. Each dilution was used to infect monolayers (200 µl/well). After 2 h of incubation at 37 °C, the inoculum was removed from cells, and the cells were washed thoroughly with 37 °C PBS, twice. Then, 2 ml of culture medium were added in the presence of penicillin and streptomycin. As controls, Vero cells were incubated with either the heatinactivated blood plasma from uninfected monkey (mock infected) or blood plasma samples of infected monkeys isolated on day 3 after infection (positive). Culture supernatants were taken at 24, 48 and 72 h after infection, and ZIKV RNA levels were quantified by RT-qPCR.
ZIKA virus RNA in situ hybridization. RNAscope probes were designed on the basis of a consensus sequence among four genomes: one consensus derived from sequencing the viral stock; two strains isolated from the blood of patients in Thailand in 2014 (KU681081.3) and the Philippines in 2012 (KU681082.3); and the 1947 MR 766 Ugandan sentinel monkey sequence (AY632535.2). The consensus was determined by majority rule among aligned nucleotide sites. Because KU681081.3 was not annotated, probes were designed on the basis of the annotations of Zika virus from the NCBI reference sequence NC_012532.1 (accession number, NC_012532), which consisted of 87 double-Z pairs (ZZ) targeting coding regions from 101-9773 bp in capsid (Ca), envelope (Env) and nonstructural proteins (NS) NS1, NS3 and NS5 genes. RNAscope was performed essentially as previously described 45 .
Phenotypic characterization of Zika-virus-RNA + cells. Immunofluorescence phenotypic analysis for cells positive for Zika virus RNA was performed after RNAscope in situ hybridization, essentially as previously described, using TSA detection. We identified the different potential target cells by using the following antibodies: myeloid cells (CD163, Novo Castra-NCL-CD163 and CD68, Biocare-CM33C), neutrophils (myeloperoxidase, Dako-A0398), cerebellar granule cells (NeuN, Abcam ab104225), microglia cells (Iba1, Biocare CP290 A, B), T cells (CD3 clone SP7; Labvision/Thermo Scientific), B cells (CD20, Dako-MO755) and DC-SIGN-positive cells (DC-SIGN, Abcam ab59192). Slides were cover slipped with #1.5 GOLD SEAL cover glass (EMS) using Prolong Gold reagent (Invitrogen) and imaged on an Olympus FV10i confocal microscope using a 60× phase-contrast oil-immersion objective (NA 1.35) in sequential mode to separately capture the fluorescence from the different fluorochromes at an image resolution of 1024 × 1024 pixels.
ZIKV NS1-specific enzyme-linked immunosorbent assay (ELISA).
IgM and IgG Zika-specific antibody responses were assessed using the Euroimmun diagnostic kit assay. Briefly, a 1:100 dilution of nonhuman primate serum was performed in duplicate and added to the precoated plates. The assay was performed using the manufacturer's instructions, with photometric measurements taken at 450 nm.
Plaque-reduction neutralization test (PRNT90)
. NHP blood plasma samples were collected, heat inactivated and stored at −80 °C. NHP plasma and positive control ZIKV-neutralizing sera (of known titer) were serially diluted. Undiluted and diluted samples were added to an equal volume of 2,000 PFU/ml of ZIKV (Puerto Rico PRVABC59; NCBI accession number, KU501215). The virus-antibody mixture was incubated at 37 °C for 1 h before 100 µl (100 PFU ZIKV) was added to each well of a confluent 6-well tissue-culture dish seeded with Vero cells. After a 1-h virus adsorption at 37 °C, cells were overlaid with 1% noble agar in supplemented minimal essential medium (MEM). At 4 d after infection, an additional overlay with 0.02% (wt/vol) neutral red in MEM with 1% agar was added, and plaques were counted and recorded the following day. The assay was performed in triplicate and control wells were also incorporated. The neutralizing-antibody titer was expressed as the maximum dilution of blood plasma that yielded a 90% plaque reduction.
Immunophenotyping. PBMCs and blood plasma were collected following Ficoll density gradient centrifugation. 0.5 × 10 6 PBMCs were stained with three different antibody cocktails to assess T cells, B cells and NK cell subpopulations. For T cells, CD3 (clone SP34-2), CD4 (L200), CD8 (SK1), CD14 (M5E2), CD95 (DX2), CD28 (CD28.2, eBioscience), CD69 (TP1.55.3, Beckman Coulter) and CD20 (L27). For NK cells, CD3, CD8, NKG2A (Z199, Beckman Coulter), CD16 (3G8), CD56 (N901, Beckman Coulter) and CD69. For B cells, CD3, CD20, CD38 (OKT10, Nonhuman Primate Reagents Resource Program), CD40 (5C3), CD69, CD95, CD27 (O323, eBioscience) and CD86 (2331 (FUN-1) ). All antibodies are from BD Biosciences unless indicated otherwise. After staining, cells were washed with 2% FBS in PBS (wash buffer), re-suspended in 2% formaldehyde and acquired on a BD LSRII within 24 h. All events were gated first on FSC singlets. For T, B and NK cell analysis, lymphocytes were first selected according to FSC-A and SSC-A profiles. Monocytes were selected on the basis of their relatively higher FSC-A and SSC-A profile, as compared to lymphocytes. B cells were identified as CD3 − CD20 + , and CD27 was used to define naive (CD27 − ) and memory (CD27 + ) subsets 46 . NK cells were identified as CD3 − CD8 + NKG2A + and CD16 and CD56 were used to define subsets 47, 48 . CD3 + CD4 + and CD3 + CD8 + T cell memory subsets were identified by CD28 and CD95 (ref. 49) . Percentage of CD69 measured activation NK cell subsets and on naïve (CD28 + CD95 − ), central memory (CD28 + CD95 + ) and effector/effector memory (CD28 − CD95 + ) T cells. CD38 geometric mean fluorescence (GMF) measured activation on naïve and memory B cells. Percentage of CD16 measured activation on monocytes. Absolute counts were derived by multiplying the percentage of the subset of interest per total lymphocytes by the absolute number of total lymphocytes per µl of blood provided by the complete blood count. Intracellular cytokine staining. Measurements of CD107a, IL-2, IFN-γ and TNF-α on CD4 + and CD8 + T cells from cryopreserved PBMCs and lymph node mononuclear cells were performed as previously described 50 . After thawing, cells rested for 4 h before stimulation. Approximately 3 × 10 6 cells were stimulated with DMSO alone (unstimulated) or 2 µg/ml overlapping peptide (15 aa long, 11 aa overlap) pools (Sigma-Aldrich) covering the entire ZIKV capsid and envelope proteins and 1 µg/ml of anti-CD49d antibodies (BD Biosciences) in the presence of anti-CD107a (H4A3) antibody. The following conjugated antibodies and staining reagents were used for surface staining: CD4 (L200), CD95 (DX2), CD28 (L293), CD8 (SK1) and Yellow LIVE/DEAD Fixable Dead Cell Stain (Invitrogen). The following conjugated antibodies were used during intracellular staining: CD3 (SP34-2), IL-2 (MQ1-17H12), IFN-γ (B27), TNF-α (Mab11) and CD69 (TP1.55.3, Beckman Coulter). All antibodies are from BD Biosciences unless indicated otherwise. Value of percentage of cytokine-positive cells in unstimulated samples was subtracted from the corresponding value of stimulated samples. Responses were considered positive if 1.5-fold or greater above baseline. The threshold for determining positive responses was applied as described 43 .
ZIKV dynamic modeling. To understand the dynamics of viral infection as reflected in the blood plasma VL, we used a standard acute viral infection model that includes an eclipse phase after viral infection of a cell, during which time the infected cell does not produce virus [51] [52] [53] . After the eclipse phase, infected cells produces new virus. In the model, target cells, T, are infected at rate βVT by free virus V. On infection, a cell becomes nonproductively infected (I 1 ) and then transitions to a productively infected state I 2 at rate kI 1 . Productively infected cells are cleared at rate δI 2 and produce new virus at rate pI 2 . Free virus is cleared from the system at rate cV. Under these assumptions, the model has the form: dT/dt = -βVT, dI 1 /dt = βVT-kI 1 , dI 2 /dt = kI 1 -δI 2 , dV/dt = pI 2 -cV. We set initial conditions at T(0) = 10 7 cells per mL, I 1 (0) = I 2 (0) = 0, and V(0) is allowed to take one of a set of values, V(0) = 10 1 , 10 2 , 10 3 , 10 4 or 10 5 RNA copies per ml. There is uncertainty in the value of V(0) because the virus was injected subcutaneously, and the amount that initiates the infection in blood is unknown. We used a value of T(0) within the range of the estimated number of target cells available in West Nile virus infection 52 . The parameter describing the clearance of free virus was fixed at c = 25/day, similarly to the values determined for HIV and HCV 54, 55 . Finally, the parameter describing the transition rate from nonproductively infected to productively infected was allowed to take one of a set of values, k = 4, 6, 12 or 18 per d, equivalent to a mean eclipse-phase time of 6, 4, 2 or 1.33 h.
For each animal, the model was fitted to the data by a nonlinear least-squares approach using a differential evolution algorithm in R for each combination of k and V(0). In our analysis, we excluded the single outlier monkey that had delayed viremia, because there were only two viral load measurements above the limit of detection.
Statistical analyses. The analyses of virologic or immunologic data were conducted using a two-tailed Mann-Whitney test. All statistics between grouped variables or transformed log 10 values were calculated using GraphPad Prism (version 6.0) by use of the exact Mann-Whitney U test and the Kruskal-Wallis test with corrections for multiple comparisons. R was used to generate heat maps.
All P values were two-tailed, unless indicated, and considered to be significant when <0.05.
